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1 Keratinocyte gene therapy is applicable to the treatment of skin diseases that are caused by genetic defects that result in production of abnormal proteins in keratinocytes. It is also used in systemic diseases if transgenic proteins that are released from gene-transferred keratinocytes into the circulation relieve these diseases. 2 Successful keratinocyte gene therapy requires the development of highly efficient methods of gene transfer to keratinocytes in the epidermis. Several methods, including particle bombardment, 3 adenoviral transfer, 4 needle injection of the naked DNA, 5 HVJ-liposome, 6 and herpes viral transfer 7 have been reported for in vivo gene transfer to keratinocytes. Also, topical application of liposome-entrapped DNA could target the genes to the hair follicles. 8 As each method has both advantages and disadvantages, several methods will be used, depending on the situation, for clinical practice. Furthermore, we need to improve those methods and develop much more efficient methods.
Jet injection of a solution containing DNA can be used to transfer genes to skin, muscle, fat and mammary tissue. 9 Brandsma et al 10 have induced papilloma lesions after jet injection of the cottontail rabbit papillomavirus genome into skin by an air-pressure propulsion system. Although this report indicated that jet injection could introduce DNA into keratinocytes in vivo, there have Correspondence: D Sawamura Received 8 January 1999; accepted 14 May 1999 been no detailed reports that deal with the jet injection of DNA into keratinocytes. In this study, we investigated the efficiency of this gene transfer method, and tried to introduce DNA into human keratinocytes using the method.
Several jet injectors have been developed and are used commonly in the dermatological field to deliver corticosteroid and anesthetic solutions into human skin by an air propulsion system. 11, 12 A MADAJET injector (Mada Equipment, Carlstadt, NJ, USA) was used for our experiments. Before the gene transfer experiments, we fired the DNA to a hard plastic plate at several distances and examined the DNA by electrophoresis to determine the effect of jet injection on DNA. Agarose gel electrophoresis yielded a smear band below the plasmid band in the sample that was fired from a distance of 0 cm, but no smear band in the other treated and untreated control samples (Figure 1 ). This indicates that jet injection has a small destructive effect on DNA when the air pressure becomes high.
We introduced the ␤-gal expression vector pCAGGSlacZ, a gift from Professor Miyazaki (Department of Nutrition and Physiological Chemistry, Osaka University Medical School, Japan), into rat keratinocytes. The expression vector pCAGGS contains the cytomegalovirus immediate-early enhancer, the modified ␤-actin promoter and the 3Ј-flanking sequence of the ␤-globin gene 13 and has been shown to express the inserted gene strongly in keratinocytes in vivo. 14, 15 The plasmid placZ(−), which contains LacZ with no eukaryotic promoter, was used as a negative control. Since the force of injection was necessary to effect efficiency 16 and could not be changed in MADAJET, we fired the DNA into rat skin at several distances. We took biopsy specimens 48 h after the introduc- tion and measured the ␤-gal activity in the epidermis 6 ( Figure 2 ). The keratinocyte sample from the 10-cm firing showed the highest activity among all samples. As the distance became shorter from 10 cm, the activity lessened. The untreated and placZ(−) samples showed no activity. These results demonstrated that jet injection could introduce DNA into keratinocytes in vivo, and that the force of injection also affected the transfer efficiency.
To achieve keratinocyte gene therapy in the future, we require fundamental experiments using human skin or keratinocytes. Next, we transplanted human skin on to a nude rat and tried to introduce pCAGGS-lacZ into human keratinocytes using the jet injection method. We fired the DNA into human skin at distances of 0 and 10 cm. To compare the jet injection method with needle injection method, we injected the same amount of DNA into human skin subepidermally. We took biopsy specimens 48 h after the introduction and examined ␤-gal activities in the epidermis histologically ( Figure 3A ). All sections were stained for ␤-gal under uniform conditions. 6 A strong ␤-gal activity was found in the skin specimen when DNA was fired from a distance of 10 cm, whereas a little activity was found from the 0-cm firing. No expression was shown when placZ(−) was introduced. Jet injection exhibited higher activity than needle injection. Selective expression of ␤-gal in the hair follicles was not observed after gene introduction by jet and needle injection methods, although Li and Hoffman 8 succeeded in targeting the genes to the hair follicles by topical application of liposome-entrapped DNA. Quantification of the ␤-gal activity showed similar results to the histological examination ( Figure 3B ).
Hengge et al 17 first succeeded in introducing and expressing an exogenous gene in human keratinocytes in vivo using the needle injection of the naked DNA. We achieved the same outcome using the jet injection of the naked DNA. Moreover, Hengge et al reported the ␤-gal expression was detected predominantly in the epidermis, whereas a little expression was observed in the cells of the dermis. 17 This study also demonstrated that jet injection of the naked DNA provided transgene expression in a manner similar to the needle injection of the naked DNA. However, the transfer efficiency of jet injection was higher than that of needle injection. In needle injection, the plasmids injected into the dermis are thought to move to the epidermis and go into keratinocytes. 5 On the other hand, some of the plasmids that are jet injected from skin surface to the dermis are thought to remain in the epidermis. Actually, our experiments showed that the transfer efficiency was low when the DNA was fired near the skin surface. In that case, the air pressure was so strong that many plasmids may have gone across the epidermis. Besides offering greater transfer efficiency, the jet injection method was quicker and easier than needle injection methods when we introduced the same gene to many sites. Jet injection of the naked DNA will provide a method for keratinocyte gene therapy in the future.
